The effect of imposed strain e, annealing temperature T A , and annealing time s on the static spheroidization behavior of Ti-6Al-2Sn-4Zr-2Mo-0.1Si having an initial lamellar microstructure was investigated. For this purpose, the samples were compressed isothermally at 1173 K (900°C) to e = 1.0 and subsequently annealed at 1228 K (955°C) £ T A £ 1253 K (980°C) for 10 minutes £ s £ 24 hours. For each test condition, metallography was performed to evaluate the change in aspect ratio (AR) and thus quantify the structural evolution from a lamellar to an equiaxed morphology. The average AR decreased rapidly during short annealing times as a result of sub-boundary-induced boundary splitting, but it decreased at a considerably slower rate during subsequent long-time, diffusion-controlled termination migration. The overall time to complete the static globularization was thus governed largely by termination migration. To model the observations, a kinetic equation describing the static spheroidization of two-phase titanium alloys was developed. A comparison of experimental results and predictions showed that the model can provide a reasonable prediction of the time required to complete diffusioncontrolled migration of the edges of thin lamellar fragments that are circular or elliptical in shape.
The effect of imposed strain e, annealing temperature T A , and annealing time s on the static spheroidization behavior of Ti-6Al-2Sn-4Zr-2Mo-0.1Si having an initial lamellar microstructure was investigated. For this purpose, the samples were compressed isothermally at 1173 K (900°C) to e = 1.0 and subsequently annealed at 1228 K (955°C) £ T A £ 1253 K (980°C) for 10 minutes £ s £ 24 hours. For each test condition, metallography was performed to evaluate the change in aspect ratio (AR) and thus quantify the structural evolution from a lamellar to an equiaxed morphology. The average AR decreased rapidly during short annealing times as a result of sub-boundary-induced boundary splitting, but it decreased at a considerably slower rate during subsequent long-time, diffusion-controlled termination migration. The overall time to complete the static globularization was thus governed largely by termination migration. To model the observations, a kinetic equation describing the static spheroidization of two-phase titanium alloys was developed. A comparison of experimental results and predictions showed that the model can provide a reasonable prediction of the time required to complete diffusioncontrolled migration of the edges of thin lamellar fragments that are circular or elliptical in shape. TWO-phase (alpha/beta) titanium alloys are used widely in the aerospace industry because of their high specific strength, good corrosion resistance, and excellent high-temperature properties. [1, 2] The most common method of producing semifinished titanium mill products comprises ingot melting and solidification followed by a series of hot-working and heat-treatment steps, each of which has a specific microstructural target. Usually, ingot breakdown is conducted above the beta transus temperature (at which alpha + beta fi beta) to produce a homogeneous, recrystallized beta-grain structure. On cooling, a transformed microstructure comprising alpha laths/platelets with a high aspect ratio (AR) is formed within each beta grain. The thickness of the transformation product is influenced by the cooling rate [3] ; high cooling rates yield fine martensitic alpha, whereas slow rates lead to coarse lamellar (colony) alpha. Subsequent thermomechanical processing steps in the two-phase field are then used to spheroidize the alpha in whole or in part during deformation [4] [5] [6] or during subsequent annealing. [7, 8] The equiaxed (''globular'') alpha microstructure so produced provides excellent room-temperature strength and ductility [9] and elevated-temperature superplasticity. [10, 11] For production-scale billets with a large cross section, water quenching after hot working and heat treatment in the beta phase field leads to relatively slow cooling rates at the center, thereby giving rise to a coarse colonyalpha microstructure. In this case, strains much greater than those typically imposed commercially (i.e.,~2.5 to 3.0) are required for dynamic spheroidization, thereby necessitating subsequent static heat treatment to obtain a fully equiaxed microstructure. [4, 12, 13] Thus, the determination of the optimum annealing temperature and annealing time to complete static spheroidization while minimizing static coarsening is important especially with regard to the superplastic-forming characteristics and mechanical properties of the final product.
Previous work has shown that spheroidization during annealing after hot working of the common alpha/beta titanium alloy Ti-6Al-4V (Ti64) proceeds by two main mechanisms: boundary splitting at short times and termination migration at longer times. [7, 8] In related work, a model [14] based on edge-recession theory [15, 16] was developed and validated for Ti64 to predict the time required to spheroidize (round) pancake-shaped lamellar remnants statically after the completion of the boundary-splitting process. By contrast, limited work has been published to determine the optimum processing conditions for Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti6242Si), for which the diffusion of the rate-limiting solute (molybdenum) is noticeably slower than that in Ti-6Al-4V (i.e., vanadium). The objectives of the current work, therefore, were to establish quantitatively the mechanisms of static spheroidization of Ti6242Si and to extend and validate the prior analysis of static spheroidization to the case of thin remnant lamellar particles that are elliptical, rather than round, in shape.
II. MATERIALS AND EXPERIMENTAL PROCEDURES
The material used in this investigation was Ti6242Si with a measured chemical composition (in wt pct) of 5.55 Al, 1.86 Sn, 4.03 Zr, 1.90 Mo, 0.08 Si, 0.06 Fe, 0.13 O, 0.01 C, 0.008 N, balance Ti; it was supplied in the form of a slice of billet produced by RMI Titanium (Niles, OH). The as-received material had an equiaxed microstructure with an alpha particle size of~13 lm (Figure 1(a) ). The beta transus temperature was 1005°C (1278 K).
To obtain a lamellar microstructure with a prior beta grain size of 100 to 400 lm, a section of the program material was beta heat treated for 1 hour at a temperature of 1050°C (1323 K) and furnace cooled (Figure 1(b) ). Insight into the resulting three-dimensional nature of the lamellar-alpha phase was obtained by sections approximately parallel to the broad (Figure 1(c) ) and narrow ( Figure 1(d) ) faces of lamellae in different colonies, thus revealing a plate-like structure.
To obtain hot-worked material for static-spheroidization heat treatments, cylindrical samples (measuring 10-mm diameter 9 15-mm height) were machined from the beta-annealed billet slice and compressed isothermally in vacuum at 1173 K (900°C) and a constant strain rate of 10 À1 s À1 to an average true height strain e of either 0.6 or 1.0 using a Gleeble 3500 Thermal/ Mechanical Simulator (manufactured by Dynamic Systems Inc., Poestenkill, NY). Each sample was water quenched following hot compression. Subsequently, the samples were annealed at temperatures T A of 1228 K (955°C) or 1253 K (980°C) for various times s (10 minutes £ s £ 24 hours), followed by water quenching, to establish static-spheroidization behavior. The volume fraction of alpha phase for the as-deformed sample (~0.71) decreased to~0.37 and~0.18 after heat treatment at 1228 K (955°C) and 1253 K (980°C), respectively.
Sections of the deformed and heat treated samples were prepared using standard metallographic techniques. Final etching used Kroll's reagent (5 pct HNO 3 , 10 pct HF, and 85 pct H 2 O). Microstructures were determined using a high-resolution scanning electron microscope (JEOL JSM-7401F; JEOL Ltd., Tokyo, Japan) via backscattered electron (BSE) imaging near the midradius on the equatorial plane of each sample. For each set of processing parameters, the average AR (as-measured value) of~400 to 800 platelets was measured automatically using a SIGMASCAN PRO 4.0 image analyzer (Systat Software Inc., San Jose, CA) ( Figure 2 ). In these (and subsequent) BSE micrographs, the darker phase is alpha and the lighter phase was beta at the hot-working/heat-treatment temperature.
III. RESULTS

A. Microstructure Evolution
The microstructures developed during deformation at 1173 K (900°C) to e = 1.0 and subsequent annealing at Microstructure evolution during annealing at T A = 1228 K (955°C) was similar to that at T A = 1253 K (980°C) (Figure 4 ). For example, the material deformed to e = 1.0 and annealed for 10 minutes showed nonuniform, coarse remnant alpha lamellae of varying AR (Figure 4(a) ). The average AR of the alpha phase decreased with increasing annealing time for 0.5 £ s £ 8 hours (Figures 4(b) and (c)) and reached~1 for s = 16 hours. (Figure 4(d) ). The microstructures in the material deformed to e = 0.6 and annealed at 1228 K (955°C) were similar to those deformed to e = 1.0, but longer times (~24 hours) were required to obtain a fully globular structure ( Figure 5) .
B. Mechanisms of Static Spheroidization
An analysis of the variation of average AR with static spheroidization time ( Figure 6 ) provided insight into the effects of e, T A , and s on the mechanism involved in the lamellar-to-equiaxed microstructure conversion in Ti6242Si. Similar to the qualitative observations in Section III-A, the s required to complete static globularization decreased with increasing e and T A .
The results in Figure 6 revealed that the average AR decreased quickly (from~14 in the as-forged condition to~6) during short-time annealing (~0.5 to 2 hours) and much more gradually (from~6 to~1) during longer-time annealing (s >2 hours); the tendency was almost identical regardless of test conditions. These observations seem to support previous conclusions for Ti64 [7, 8, 14] that static globularization is governed two discrete mechanisms, i.e., boundary splitting during the initial stage and termination migration during the later stage. For the first mechanism, 180-deg dihedral angles formed by the alpha/beta interface and sub-boundaries (formed during or after deformation) [8] (Figure 7 (a)) are unstable and, thus, give rise to grooves at sub-boundary/interface-boundary triple points (Figure 7(b) ). Mass transfer from the groove to adjacent flat surfaces occurs to reduce surface energy until the triple points on opposite sides meet each other, thereby severing the platelet. The kinetics of this boundary-splitting step is thus controlled by the migration rate of the triple points. After partial fragmentation of the platelets into smaller AR remnants via boundary splitting, mass transfer from platelet edges to the corresponding broad faces (i.e., termination migration) occurs, resulting in the completion of spheroidization (Figure 7(c) ). The short time for fragmentation by boundary splitting can be rationalized on the basis of the small amount of mass transport and the short diffusion distances. A decrease in the energy of the sub-boundaries during annealing may also lead to a Fig. 2 -Measurement of average AR: (a) BSE image of the microstructure developed after deformation to a strain of 1.0 and annealing at 1228 K (955°C) for 15 min followed by water quenching and (b) image analysis procedure for Fig. 2(a) to measure aspect ratio of alpha platelets using SIGMASCAN PRO 4.0. cessation in this process. In contrast, the longer times over which termination migration occurs can be ascribed to the larger amount of mass transfer and longer diffusion distances that are involved in this process.
IV. DISCUSSION
A. Kinetics for Boundary Splitting
The time required for boundary splitting s BS can be estimated from the Mullins grooving analysis [17] by considering appropriate boundary and initial conditions for the volume-diffusion-controlled penetration of alpha platelets by beta phase, [18] i.e., ) and m are the platelet thickness and the slope at the root of the triple point (= tan h 0.45 in the current work), respectively, as indicated in Figure 7 (b). C b is the concentration of the rate-limiting solute (e.g., Mo for Ti6242Si and V for Ti64) in the beta matrix, c ab is the surface energy of the alpha-beta interface, V M is the molar volume of alpha phase, D b is the diffusivity of the rate-limiting solute through the beta matrix, R is the gas constant, and T is the absolute temperature.
Strictly speaking, Eqs.
[1a] and [1b] are valid only for the case in which the platelet and matrix phases are both terminal solid solutions. Therefore, C b in Eq. [1b] must be modified using a so-called concentration factor to account for the fact that the alpha and beta phases in two-phase Ti alloys are not terminal solid solutions, [14] viz.
where C a is the concentration of the rate-limiting solute in the alpha phase and r is the activity coefficient of the solute in the beta phase. Furthermore, the diffusivity of solutes through the beta matrix may be a somewhat higher than that for an annealed microstructure because some of the hot work may be retained in the beta matrix. The effect of retained work at the high temperatures in the current study may not be as great as at warmworking temperatures. [10] Hence, to estimate s BS, it was assumed that D b for the deformed microstructure was 5 times higher than that for an annealed microstructure. [19] For example, at T A = 1253 K (980°C), the average AR decreased markedly with increasing time until 0.5 hours; the predicted value of the time for boundary splitting (s BS~0 .4 hours) agreed well with this observation.
B. Kinetics for Termination Migration
Although the average AR of remnant alpha platelets decreased during boundary splitting, it was still rather high at its completion (~6 to 7) ( Figure 6 ). The decrease in AR was caused by a subsequent termination migration that likely governed the overall kinetics of static spheroidization. In a previous work, the time required for termination migration of round remnant particles (s TM ) was estimated based on edge recession theory. [14] [15] [16] In the current effort, by contrast, observations of the microstructure prior to termination migration suggested that the lamellar remnants tended to be elliptical, not round, as shown in Figure 3 (b) (micrograph parallel to the narrow face of platelets, w a~2 5 lm) and Figure 8 (micrograph parallel to the broad face of platelets, b ã 10 lm) after s = 30 minutes, corresponding to the end of boundary splitting at T A = 1253 K (980°C). Therefore, a general diffusion-based equation to predict the time s TM for remnant lamellae with an elliptical shape was developed.
As in References 13-15, the current analysis was based on Fick's law, from which the instantaneous rate of diffusional volume transport (dV/ds) is calculated as the product of the diffusivity D, the atomic volume X, the diffusion area A, and the concentration gradient dc/dx
The time s TM can be approximated by introducing the average of the products of A and dc/dx at the beginning and intermediate stages of the process because the driving force at the end of termination migration is zero, i.e.,
in which the subscripts 0 and 1/2 represent the beginning and the intermediate stages of the process, respectively. From geometry considerations (Figure 7(c) ), the volume equivalence of an elliptical particle prior to termination migration and a sphere after completion of the process is in which u = w a /d a -0.5 and v = b a /d a -0.5. Thus, r s = d s /2 % 0.572d a u 1/3 v 1/3 . A volume dVmust be transported from the particle edge to the center; dVis the volume of the sphere less the volume common to the sphere and the initial particle if d s £ b a . This assumption was valid for the current work because the initial particle volume pd (Table II) . dV is then given by The area across which the diffusion flux is transported at the beginning of the process was obtained using the general equation for the circumference of an ellipse
The diffusion distance required to change the shape of platelet at the beginning of the process is one half of the platelet length less the radius of the final sphere
dc 0 was obtained from the average of the concentration differences at the ends of the major axis (dc 0;major ) and minor axis (dc 0;minor ) of the broad face of the platelet. Because dc 0;major and dc 0;minor are each proportional to the difference between the sum of the inverses of the two radii of curvature at the platelet edge and at the center, the following is obtained:
in which C 0 denotes the equilibrium solubility of the rate-limiting solute in the matrix phase, c s is the surface energy, and k is Boltzmann's constant. From Eqs. [7] through [9] ), the denominator of Eq.
[4] at the beginning of the process can thus be expressed as
Using a similar approach, the diffusion area and the diffusion distance at the intermediate stage were taken as the average of the initial and final values
The concentration difference at the intermediate stage is given by the average of the concentration differences at the ends of the major and minor axes: 
From Eqs. [11] through [13] , the denominator of Eq. [4] at the intermediate stage of the process is
The substitution of Eq. [6] , [10] , and [14] into Eq.
[4] provides s TM for elliptical (w " b) as well as round (w = b) particles. For two-phase Ti alloys in which the alpha and beta phases are not terminal solid solutions, C 0 in Eq. [10b] must be changed to C F (Eq. [2] ).
Using appropriate material data for Eqs. [2] and [10b] (Table I) , the validity of the model was evaluated for Ti6242Si (with elliptical remnant-alpha particles) and Ti64 (with round remnant-alpha particles). For Ti6242Si, s TM at T A = 1253 K (980°C) was estimated to be 7.3 hours, which is in good agreement with the measured value of 6 hours ( Table II) . The application of Eqs. [4] , [6] , [10] , and [14] to the previous results for Ti64 showed reasonable agreement between the predictions from the previous model [14] and the current one (Table III) : Only minor differences (1 to 11 pct) were found in the simplification of dc 0 in Eq. [9] .
V. CONCLUSIONS
The conversion of a lamellar to an equiaxed microstructure during annealing of hot-worked Ti-6Al-2Sn-4Zr-2Mo-0.1Si was investigated for a variety of processing conditions (imposed strain e of 0.6 or 1.0, annealing temperature T A of 1228 K [955°C] or 1253 K [980°C], annealing time s between 10 minutes and 24 hours). The time required for static spheroidization via boundary splitting and subsequent termination migration was estimated from two diffusion-based models. The following conclusions were drawn from this work:
1. During annealing, remnants of the lamellar microstructure with high average aspect ratio (AR~14) are converted gradually to an equiaxed microstructure. The spheroidization rate increases with increasing imposed strain e, annealing temperature T A , and annealing time s. 2. A quantitative analysis of microstructure evolution reveals that the average AR decreases rapidly during short-time annealing and at a more moderate rate during longer time annealing. This observation 
Ti6242Si 1128 (955) 0.37 0.0018 [21] 0.0168 [21] 0.015 [21] 0.075 10,440 [20] 0.4 [20] 0.4 1253 (980) 0.18 0.0015 [21] 0.0121 [21] 0.020 [21] 0.1 1.4 Ti64 1128 (955) 0.25 0.0183 [22] 0.0447 [22] 0.052 [22] -- indicates that static spheroidization is governed by two main mechanisms: sub-boundary-induced boundary splitting during the initial stage and diffusion-controlled termination migration during the later stage. 3. The time required to complete boundary splitting s BS is dependent largely on the thickness of the narrow face rather than the width of the broad face of remnant alpha platelets and can be estimated using a classic approach. The estimated s BS corresponds to the end of the rapid decrease in average AR. 4. Most of the time required to achieve complete static spheroidization involves termination migration rather than boundary splitting. A diffusion model incorporating the geometry of remnant lamellae can be used to estimate the time required to complete termination migration of elliptical remnants lamellae in Ti6242Si and round remnants in Ti64.
